Background: We searched for a viral aetiology for non-small cell lung cancer (NSCLC), focusing on Merkel cell polyomavirus (MCPyV).
Lung cancer remains the leading cause of cancer-related mortality worldwide. Although cigarette smoking is the predominant risk factor for the development of lung cancer, several studies have shown that the proportion of lung cancers diagnosed in never smokers has increased in recent times (Thun et al, 2006; Wakelee et al, 2007; Yano et al, 2008; Dela Cruz et al, 2011) . Recent studies have also indicated that the incidence of lung cancer in never smokers seems to vary geographically, with greater prevalence in certain parts of the world, such as Asia (Thun et al, 2008; Yano et al, 2008; Dela Cruz et al, 2011) . These findings suggest that factors other than smoking may be implicated in development of lung cancer.
Infectious agents have been proposed to contribute to the pathogenesis of lung cancer (Engels, 2008) . Accumulating epidemiological evidence suggests that oncogenic viruses have important roles in the development of lung cancer. For instance, human papillomavirus (HPV) infection has been observed in association with cases of lung cancer in many studies worldwide, suggesting a role for HPV as an aetiological agent of lung cancer (Aguayo et al, 2007; Klein et al, 2009; Rezazadeh et al, 2009; Prabhu et al, 2012) . However, the results are discrepant among research groups (Brouchet et al, 2005) and underline some geographical variations (Miyagi et al, 2000; Aguayo et al, 2010; Goto et al, 2011) .
In 2008, a new human tumour virus, designated Merkel cell polyomavirus (MCPyV), was reported in Merkel cell carcinomas (MCCs), a neuroendocrine carcinoma (NEC) of the skin . Recent studies have demonstrated the presence of MCPyV DNA in other types of tumours and in a subset of haematological malignancies, including chronic lymphocytic leukaemia (Dworkin et al, 2009; Kassem et al, 2009; Katano et al, 2009; Pantulu et al, 2010; Murakami et al, 2011; Imajoh et al, 2012a, b; Rollison et al, 2012) . Although the route of MCPyV transmission has not been established, MCPyV DNA fragments have been detected in lower respiratory tract secretions (BabakirMina et al, 2010) . If the respiratory tract is exposed continuously to this oncogenic virus, it is conceivable that cancer may develop in this region.
Based on the histological similarities between MCC and pulmonary NEC, including SCLC and large-cell NEC (LCNEC), the possible association between MCPyV and pulmonary NEC has been studied. Two German groups showed the presence of MCPyV DNA in a subset of SCLCs, with detection rates of 6.7% (2 out of 30) and 38.9% (7 out of 18; Andres et al, 2009; Helmbold et al, 2009) . In contrast, no evidence of a causal relationship between MCPyV and pulmonary LCNEC has been reported (Busam et al, 2009; Duncavage et al, 2009; Schmitt et al, 2011) . The prevalence of MCPyV in non-small cell lung cancers (NSCLCs) has not been investigated well. Recently, North and South American groups detected MCPyV DNA in 16.7% (5 out of 30) and 4.7% (4 out of 86) of NSCLCs, respectively, using PCR (Joh et al, 2010; Gheit et al, 2012) . However, these epidemiological studies were all undertaken in Americans and Europeans, and the prevalence of MCPyV in lung cancers in an Asian cohort has not yet been reported. In this study, we investigated the possible viral aetiology of NSCLCs by examining a series of 112 Japanese patients for both the presence of specific MCPyV DNA and the expressions of viral RNA transcripts and virally encoded protein. We also looked for integrated/mutated forms of these MCPyV-positive NSCLCs. As far as we know, this is the first study to show the expression of MCPyV antigen and its integrated/mutated forms, which are recognised as tumour-specific signatures of MCPyV, in a specific cancer other than MCC.
MATERIALS AND METHODS
Patients and samples. This study included 112 Japanese patients with primary resectable NSCLC, including 32 squamous cell carcinomas (SCCs; denoted SCC1-32), 45 adenocarcinomas (AC1-45), and 32 large-cell carcinomas, including 19 LCNECs (LCC1-13 and LCNEC1-19) and 3 pleomorphic carcinomas (PL1-3; Table 1 ). The median ages of the patients were 71 years (range, 48-89) for SCC, 68 years (range, 36-86) for AC, 72 years (range, 60-83) for large-cell carcinoma, and 69 years (range, 66-73) for PL. There were 25 male and 7 female SCC patients, 24 male and 21 female AC patients, 28 male and 4 female large-cell carcinoma patients, and 3 male PL patients. Of the 112 lung cancer patients, 85 (75.9%) were smokers, including current and former smokers, and 27 (24.1%) were never smokers. All patients with NSCLC did not have apparent history of exposure to known or suspected lung carcinogens including asbestos, radon, and indoor air pollutants (Sun et al, 2007; Samet et al, 2009; Dela Cruz et al, 2011; Couraud, et al, 2012) . The clinical stages of the patients are shown in Table 1 . Surgically resected frozen tumour samples were collected from the archives of Kochi University Hospital. Frozen tumour specimens from eight cases of malignant mesothelioma and five cases of thymoma were also included in the study. This study was approved by the Ethics Committee of Kochi Medical School, Kochi University.
Detection of MCPyV with standard PCR. DNA was isolated with the DNeasy Blood and Tissue Kit (Qiagen, Tokyo, Japan). PCR was conducted with 200 ng of DNA using the AmpliTaq Gold 360 Master Mix (Life Technologies, Tokyo, Japan) and 0.4 mM each primer in a total volume of 50 ml. To detect the MCPyV large T antigen (LT) and viral protein 1 (VP1) genes, three primer sets, LT1, LT3, and VP1, were used as described previously . The b-globin gene (HBB) was amplified to confirm the presence of PCR-amplifiable DNA. The primer sequences are listed in Supplementary Table 1 . Water containing all the PCR components except template DNA was used as the PCR-negative control. The reaction conditions included denaturation at 951C for 10 min, followed by amplification with 40 cycles of 951C for 30 s, 591C for 30 s, and 721C for 30 s, with a final extension for 7 min at 721C. The PCR products were then separated electrophoretically on 2.0% agarose gels, visualised with ethidium bromide staining, and photographed. The PCR products were purified with the High Pure PCR Product Purification Kit (Roche Diagnostics, Tokyo, Japan) and then sequenced directly with the ABI Prism BigDye Terminator v1.1 Cycle Sequencing Kit (Life Technologies). The sequenced products were analysed using a model 3130 Genetic Analyser (Applied Biosystems, Tokyo, Japan). The nucleotide (nt) sequences obtained were aligned and edited with the BioEdit software (Ibis Biosciences, Carlsbad, CA, USA).
Quantitative real-time PCR. The standard PCR-positive samples were subjected to a further quantitative real-time PCR analysis. The reaction was performed in triplicate on a StepOnePlus thermocycler (Life Technologies). Primers and probes were prepared to amplify the MCPyV small T antigen gene (ST) and the human RNase P gene (RPP30; Imajoh et al, 2012a) . The reaction mixture was prepared in a total volume of 20 ml containing 200 ng of DNA, the TaqMan gene expression master mix (Life Technologies), 900 nM each primer (Supplementary Table 1) , and 250 nM dual-labelled probe. The reaction conditions were 951C for 10 min, followed by 40 cycles of 951C for 15 s and 601C for 1 min. A standard PCR was performed using the same primers and the PCR product was cloned into the pMD20-T vector (TaKaRa Bio, Shiga, Japan). We prepared 6-fold serial dilutions using 10 ng of the cloned plasmid DNA to generate a standard curve and from this, we calculated the copy number in each sample. The viral DNA load was defined as the viral DNA copies per RNase P gene copy, which represented the viral copy number per cell.
Reverse transcription-PCR. Total RNA was extracted from the frozen biopsy specimens with the High Pure RNA Tissue Kit (Roche Diagnostics). The total RNA was treated with DNase to avoid the amplification of viral DNA. The RNA (1 mg) was reverse transcribed using the SuperScript III First-Strand Synthesis System (Life Technologies). An aliquot (1 ml) of the reverse transcription (RT) reaction mixture was used for the subsequent PCR amplification. The primer sequences used to determine the LT and VP1 gene expression are listed in Supplementary Table 1 . The b-globin gene was amplified to confirm the presence of PCRamplifiable cDNA.
Immunohistochemistry. To detecte MCPyV antigen, immunohistochemistry was performed on formalin-fixed paraffinembedded tissue sections using a mouse monoclonal antibody, CM2B4 (IgG2b isotype), raised against exon 2 of the MCPyV LT antigen (Shuda et al, 2009) . Samples sectioned at 4 mm were deparaffinised and rehydrated. Heat-induced epitope retrieval was performed using EDTA antigen retrieval buffer (pH 9.0). Endogenous peroxidase activity was blocked with 3% hydrogen peroxide. Following their incubation in blocking solution, the slides were incubated with the CM2B4 antibody diluted 1 : 100. After sufficient washes, horseradish peroxidase-conjugated goat anti-mouse immunoglobulin antibody was applied as the secondary antibody. After further washes, the binding of the primary antibody was detected with a biotin-free tyramide signal amplification system (Dako, Tokyo, Japan). Finally, the sections were counterstained with haematoxylin. The specificity of staining with CM2B4 was controlled by testing an isotype-matched control mouse IgG2b in parallel. The results of the immunohistochemical analysis of the tumour and adjacent non-neoplastic cells were scored as -(negative), 1 þ (o10% immunoreactive cells), 2 þ (10-50% immunoreactive cells), or 3 þ (450% immunoreactive cells).
Analysis of the MCPyV integration sites. The integration sites of MCPyV were investigated using the detection of integrated papilloma sequences (DIPS)-PCR technique, as described previously (Sastre-Garau et al, 2009) . This method allows the amplification of the junctions between viral and cellular genomes (Luft et al, 2001) . Briefly, after the DNA was digested with the Taq I restriction enzyme, the DNA fragments obtained were ligated to enzyme-specific adaptors. The ligated fragments were subjected to PCR amplification using viral-and adaptor-specific primers (Supplementary Table 1 ). The PCR products were purified and sequenced directly, as described above. The integration sites were determined by submitting the sequences to the databases of the National Center for Biotechnology Information and analysing them with the Basic Local Alignment Search Tool for genomic localisation.
Sequencing analysis of the MCPyV LT gene. The DNA sequences of the viral genomes from nt positions 151-3102 (based on Genbank sequence MCC350; EU375803), which include the entire LT gene, were determined by PCR using different combinations of six primer sets. This was followed by a direct sequence analysis of the amplified products. The primer sequences are listed in Supplementary Table 1 .
Statistical analysis. The statistical correlations between the variables were analysed with Fisher's exact test. A P-value of o0.05 was considered significant.
RESULTS
Detection of the MCPyV genome by standard PCR and quantification of viral loads by real-time PCR. Specimens from 112 NSCLCs were screened for the presence of MCPyV DNA by standard PCR with three primer sets (LT1, LT3, and VP1) commonly used to detect the MCPyV LT and VP1 genes . Figure 1 . Of the 32 SCCs, MCPyV DNA was detected in 3 tumours with the LT1 primers, 7 tumours with the LT3 primers, and 4 tumours with the VP1 primers. Of the 45 ACs, MCPyV was found in 7 tumours with the LT1 primers, 8 tumours with the LT3 primers, and 5 tumours with the VP1 primers. Of the 32 large-cell carcinomas, MCPyV DNA was detected in only one LCNEC with the LT3 primers. The LT3 and VP1 primer sets each detected the viral genome in one of three patients with PL. All the PCR-positive products were purified and sequenced, and we confirmed that they were MCPyV-specific DNA. The b-globin gene was amplified consistently in all the samples. Overall, nine SCCs (28.1%), nine ACs (20.0%), one LCNEC (3.1%), and one PL were positive for MCPyV when either the LT1, LT3, or VP1 primers were used. In total, 20 of 112 lung cancers (17.9%) harboured MCPyV DNA. Of these, six tumours (SCC15, SCC27, AC16, AC35, AC37, and AC39) contained MCPyV DNA sequences amplifiable by all three primer sets. None of the DNAs from malignant mesotheliomas and thymomas yielded MCPyV amplicons when these primer sets were used. It was possible to obtain tumour tissues and the matching nonneoplastic tissues from our archive for three cases (SCC15, AC35, and AC39) and the DNAs were amplified in parallel, with the cycles that amplified the b-globin gene to plateau levels (Figure 1 ). Merkel cell polyomavirus genomes were only found in the tumour tissues of cases SCC15 and AC35, whereas the LT1 primers detected the MCPyV sequence in the non-neoplastic tissue of case AC39, although with only a faint band compared with the intensive bands found in the tumour tissues.
The MCPyV-DNA-positive samples were subjected to quantitative real-time PCR. The viral DNA loads ranged from 0.0001 to 0.026 copies per cell ( Table 2) .
The MCPyV DNA detection rates in SCCs and ACs were significantly higher than that in the large-cell carcinomas (Table 1) . No significant association was found between the presence of MCPyV and the other clinicopathological features analysed. However, MCPyV was more frequently detected in never smokers than in smokers, although this difference was not statistically significant.
Expression of transcripts from the MCPyV LT gene. Specimens from 10 of the 20 MCPyV-DNA-positive tumours were suitable for RNA extraction. The expression of the MCPyV LT (nt positions 910-1152, corresponding to exon 2) and VP1 (nt positions 3786-4137) transcripts was examined at the RNA level by RT-PCR (Figure 2 ). The cDNAs were amplified with the cycles that amplified the b-globin cDNA to the plateau level. Four of ten samples expressed the LT gene transcript, whereas no VP1 gene transcript was found in any samples. The specific amplification of the LT gene transcripts was confirmed by direct sequencing.
Expression of the MCPyV LT antigen. To examine the expression of the MCPyV LT antigen and to evaluate its localisation, immunohistochemistry was performed using the monoclonal antibody CM2B4 (Shuda et al, 2009) . Strong diffuse or speckled strong nuclear signals were observed in the tumour cells, indicating that these cancer cells expressed the LT antigen. Although in some cases, weak staining was also observed in a small fraction of the adjacent non-neoplastic components, the tumour cells displayed stronger nuclear immunoreactivity. The semi-quantitative immunohistochemical findings are summarised in Table 2 , and representative results are shown in Figure 3 . The isotype-matched negative control antibody for CM2B4 showed no immunoreactivity in either the LT-RNA VP1-RNA Tumour Adjacent tissue tumour cells or the surrounding normal components, suggesting that nonspecific staining of the tissues is unlikely.
Integration of the MCPyV genome.
The quantity and quality of the DNA are critical for the DIPS-PCR analysis, and the DNAs from 11 MCPyV-DNA-positive samples were suitable for this analysis. The integration site was identified in two cases (SCC15 and AC43) with primers designed to identify either the 3 0 or 5 0 virus-host junction. In case SCC15, the 5 0 virus-host junction was located in the MCPyV LT gene at nt position 2738 and the viral DNA sequence was inserted into the long arm of chromosome 5 (5q23.1). In case AC43, the 3 0 virus-host junction was located in the MCPyV LT gene at nt position 1801 and the viral DNA sequence was inserted into the long arm of chromosome 11 (11q25).
DNA sequencing analysis of the MCPyV LT gene. DNAs from four tumours (SCC15, AC35, AC39, and AC43) were subjected to a sequence analysis of the full-length LT gene at nt positions 151-3102. According to GeneBank data, the wild-type nontumour-derived MCPyV strain Appendix206 (JN038578) has a lysine at amino-acid position 216 within a penta-amino-acid retinoblastoma tumour-suppressor protein (Rb)-binding motif (LFCDK) encoded by exon 2 of the LT gene, whereas its substitution with a glutamate (LFCDE) is found in the MCCtumour-derived MCC350 strain (EU375803). The MCPyV strains found in our four patients were consistent with the MCC350 strain and contained the LxCxE motif (Figure 4) . The psycho motif is also known to modulate Rb activities (White et al, 2009) . Merkel cell polyomavirus has a unique psycho motif that is separated by a spacer region (amino-acid positions 83-102 and 210-218; Johnson, 2010) . Several amino-acid differences between Appendix206 and our MCPyV strains were found in the spacer region. Of these, the MCPyV strains in our samples shared the same amino-acid substitution at position 112 (H-Y), and substitutions at positions 121 (S-P) and 156 (P-S) with the MCC350 strain. The full-length LT gene sequence could be amplified for cases SCC15, AC35, and AC39. Although several non-synonymous mutations, resulting in amino-acid substitutions, were present at the C terminus of LT in cases SCC15 and AC35, no mutations causing stop codons were observed (Figure 4) . In contrast, the LT gene in case AC43 had a frameshift mutation arising from a 46-base pair (bp) deletion at nt positions 1611-1656, which generated several stop codons. These mutations occurred downstream from the Rb-binding domain and caused a truncated exon 2, which encodes the LT helicase. 
DISCUSSION
This study provides the first evidence of the prevalence of MCPyV in NSCLCs in an Asian population. We used three primer sets (LT1, LT3, and VP1) that are commonly used to detect MCPyV by PCR. In good concordance with previous reports (Kassem et al, 2008) , the LT3 primers showed the highest sensitivity. In total, 20 of 112 lung cancers (17.9%) harboured MCPyV DNA. Recently, a group detected MCPyV DNA in 5 of 30 (16.7%) NSCLCs from North America by PCR using the LT3 primers (Joh et al, 2010) , which is a prevalence rate close to our result. Another report identified MCPyV DNA in 4 of 86 (4.7%) NSCLCs from Chilean subjects . The differences in the detection rates may be explained in part by geographic epidemiological variations in patients with NSCLCs or merely by the technical approaches used. The absence of MCPyV we found in LCNECs and mesotheliomas is consistent with previous reports (Busam et al, 2009; Duncavage et al, 2009; Bhatia et al, 2010; Schmitt et al, 2011) . Moreover, our results do not support a direct association between MCPyV and thymoma. Smoking is the major risk factor for lung cancer. As expected, most subjects in our study group were smokers (75.9%), but one fourth of the patients were never smokers. In the United States and Europe, studies have estimated that B15-20% of lung cancers in women and 2-9% of lung cancers in men occur in never smokers (Boffetta et al, 2001; Wakelee et al, 2007) , whereas in countries in East and South Asia, B60-80% of women and 10-15% of men with lung cancer are never smokers (Wakelee et al, 2007; Couraud et al, 2012) . In this study, 68.8% (22 out of 32) of women and 6.3% (5 out of 80) of men with lung cancer were never smokers. Thus, smoking behaviour cannot fully explain the epidemiological characteristics of lung cancer. Our findings show a trend toward a higher detection rate of MCPyV in never smokers than in smokers, although further studies are required to confirm this result. Similarly, other studies have reported higher incidences of HPV DNA in lung cancers from Asian cohorts, especially among never smokers (Cheng et al, 2001; Dela Cruz et al, 2011) .
To define MCPyV as another infectious agent associated with lung cancer, MCPyV DNA positivity alone is not sufficiently specific to establish its aetiological role because MCPyV DNA fragments were detected in the lower respiratory tract when a high-sensitive PCR assay was used (Babakir-Mina et al, 2010) . Several studies have demonstrated that the expression of the MCPyV LT antigen is essential for the oncogenesis of MCPyVpositive MCC Houben et al, 2010 Houben et al, , 2012a Sihto et al, 2011) . In this context, we next investigated the expression of the LT gene at the RNA and protein levels. We found that 4 of 10 MCPyV-DNA-positive tumours had detectable levels of LT gene transcripts, whereas VP1 gene transcripts were undetectable in all the samples analysed. During viral replication, MCPyV, like other polyomaviruses, displays an orderly gene expression cascade in which the LT gene transcript is expressed first (early gene transcription), followed by the expression of the VP1 gene (late gene transcription; Pastrana et al, 2009; Feng et al, 2011) . However, loss of the viral replication capacity is a common feature of virusassociated tumours (zur Hausen, 2008) . In most MCPyV-positive MCCs, viral replication is hampered, and the LT gene but not the VP1 gene is constitutively expressed Shuda et al, 2008; Sastre-Garau et al, 2009) . Based on this knowledge, it is plausible that our MCPyV strains that expressed the LT gene transcripts but not VP1 gene transcripts had no viral replication activity. We used immunohistochemistry to study the expression and localisation of the MCPyV LT antigen. The localisation of strong immunoreactivity in nuclei of the tumour cells indicates the expression of the MCPyV LT antigen in the lung cancer cells.
Another oncogenic mechanism of MCPyV involves the binding capacity of the LT antigen to the tumour-suppressor protein Rb through the conserved LxCxE motif . The LxCxE motif was preserved in the MCPyV strains we analysed, as has been observed in the MCC-tumour-derived isolate MCC350. Thus, the viruses, which had a conserved Rb-binding domain in the LT gene, may have a role in the tumorigenesis process. Our MCPyV strains also contained a conserved psycho motif, which modulates Rb activities (White et al, 2009) . The psycho motif of MCPyV shows limited homology to those of other polyomavirus LT antigens and is uniquely interrupted by 107 amino acids (Johnson, 2010) . Compared with the wildtype strain Appendix206, the spacer has some amino-acid substitutions, and two of these are shared by MCC350 and our MCPyV strains. The potential roles of these substitutions remain to be clarified.
The integration of MCPyV into the host cellular genome is also considered as a key element in oncogenesis. We next investigated the physical status of MCPyV using the DIPS-PCR technique. Merkel cell polyomavirus integration was demonstrated in two tumours (SCC15 and AC43), in which the viral genomes were inserted into chromosome 5 and 11, respectively. Although the chromosomal integration sites identified so far in MCPyV-positive MCCs differ from one another, one study has reported that chromosome 5 is a preferred integration site (Martel-Jantin et al, 2012) . Importantly, the integration sites found in our NSCLC samples were localised within exon 2 of the LT gene, downstream from the Rb-binding domain. This confirms the results of previous studies in which most MCPyV-positive MCCs harboured the integrated viral genome at the 3 0 end of the LT gene (Sastre-Garau et al, Laude et al, 2010) . In tumour SCC15, the virus-host junction was located in the LT gene region (nt 2738), interrupting the helicase domain (nt positions 1947-3017) , generating an integrated/truncated LT. Interestingly, the full-length LT gene sequence was amplified by direct PCR sequencing in this case and found to encode a non-truncated protein. This finding suggests the coexistence of a truncated/integrated form and an episomal form of MCPyV. This phenomenon has also been observed in some MCPyV-positive MCCs (Laude et al, 2010; Martel-Jantin et al, 2012) . Tumour AC43 carried both an integrated MCPyV and frameshift mutations that preserved the Rb-binding domain but truncated the oncoprotein before the helicase domain, as in the tumour-specific molecular signatures observed in most MCPyVpositive MCCs . Such truncations preserve the transformation capacity of LT through Rb sequestration, but eliminate viral DNA replication. In fact, our RT-PCR assay showed the expression of the LT gene but the absence of VP1 gene expression, as discussed above.
Taken together, this study provides the first demonstration of not only the detection of MCPyV DNA but also the expressions of both LT RNA transcripts and LT antigen in NSCLCs. Furthermore, this study demonstrates the integrated/mutated forms of MCPyV for the first time in a specific cancer other than MCC. Viral integration and the acquisition of mutations within LT are common features of MCPyV-positive MCCs and are thought to be a prerequisite for tumorigenesis. Although the prevalence of MCPyV and the viral loads in our NSCLCs were low compared with those in MCPyV-positive MCCs, our findings suggest a potential role of MCPyV in the pathogenesis of NSCLC in a subset of patients. It can be hypothesised that the continuous exposure of the tissues of the lower respiratory tract to MCPyV may accidentally cause viral integration, together with the expression of the LT antigen, thereby leading to the oncogenic transformation of the infected host cells via MCPyV-associated tumorigenic pathways (Nikitin and Luftig, 2012) . Alternatively, viral integration itself might indirectly promote additional cellular changes during the multistep carcinomagenesis process, which allow the outgrowth of the tumour. Recently, new evidence has been presented that only MCPyV is required for tumour initiation, but that additional cellular gene mutations during tumour progression render LT expression dispensable for MCC carcinogenesis (Houben et al, 2012b) . At present, it is unknown whether the MCPyV DNA is lost in the majority of cells after the establishment of the tumour, which would explain the small number of MCPyV-positive NSCLCs. Another important question to be addressed is whether the prevalence and integration frequency of MCPyV in NSCLCs are influenced by ethnic factors and/or by exposure to risk factors such as smoking. Therefore, the factors that contribute to the infection and persistence of MCPyV in the lower airways must be defined. Our novel findings should stimulate further worldwide epidemiological and virological studies to determine the pathogenetic relevance of MCPyV in NSCLCs.
